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SYNOPSIS 

The kinetic behavior of the adsorption of the egg albumin (EA) onto silica was studied 
from its alkaline aqueous solution at room temperature. Various adsorption and kinetic 
parameters such as the adsorption coefficient, surface coverage ( O ) ,  and rate constants for 
adsorption and desorption were evaluated using different rate expressions. The adsorption 
was found to increase on addition of H+ ions to the protein solution. It was also observed 
that the presence of inorganic salts and cationic and anionic detergents influence both the 
adsorbed amount and the adsorption rate. The effect of temperature on the adsorption was 
also investigated. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Increasing use of biomedical materials for artificial 
blood vessels, hearts, kidneys, and other organs after 
they are implanted into a living body have stimu- 
lated great interst in studying the interactions be- 
tween proteins and plastic, metal, and ceramic sur- 
face~. '-~ Considerable progress has been marked in 
the study of the kinetics of adsorption of certain 
 protein^^-^ onto various surfaces. However, much 
fewer investigations have been carried out for 
studying the dynamic aspects of the adsorption of 
food proteins. 

From this laboratory, we have published results 
of several investigations on the adsorption of poly- 
m e r ~ , ~ - ~ '  proteins, 11~12 and sulfa drugs13 onto various 
solid surfaces. In the same series, the present com- 
munication describes the results of the kinetics of 
the adsorption of egg albumin (EA) onto a silica 
surface from its aqueous solution. 

EXPERIMENTAL 

Materials 

Egg albumin (MW 33,000 and isoelectric pH 4.6) 
in a flaky form was supplied by the Wilson Labo- 
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ratories (Bombay, India) and used without further 
purification. The adsorbent silica was obtained from 
Loba Chemicals, India, and used without any pre- 
treatment. The specific surface area of the adsorbent 
was reported as 22.0 m2 g-'. Other reagents em- 
ployed in experiments were of guaranteed reagent 
grade. All solutions were prepared in bidistilled 
water, and a fresh solution of EA was prepared for 
each run. 

Method 

The methods for carrying out adsorption and its ki- 
netics have already been described in our previous 
comm~nica t ions .~~~ In brief, a known volume of al- 
kaline solution of EA (pH 11.6) along with a fixed 
amount of silica were shaken for 2 h to ensure the 
adsorption equilibrium to be attained and the 
amount of the adsorbed EA was estimated colori- 
metri~a1Iy.l~ 

RESULTS AND DISCUSSION 

Concentration Effect and Adsorption isotherms 

The amount of the adsorbed EA is frequently found 
to approach a plateau value as the solution concen- 
tration is increased in the range from 1.53 to 9.18 
X lop5 mol dm-3, which is consistent with the sat- 
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Figure 1 Amount of EA adsorbed (mg g-’) vs. the equi- 
librium concentration of the protein solution (mol dm-3). 

uration of available sites. Results are quite obvious, 
as with increasing concentration of the EA solution 
more and more EA molecules arrive at the silica 
solution interface and become adsorbed onto the 
surface. The adsorption isotherm so obtained is 
shown in Figure 1, where the amount of EA adsorbed 
(in mg g - ’ )  was plotted against the equilibrium 
concentration of the protein solution (in mol dmP3). 
The shape of the isotherm belongs to the L2 type, l5 

i.e., the Langmuir type, and has been widely found 
in protein adsorption experiments.16 

To evaluate the adsorption coefficient K ( = kl /  
k 2 ) ,  a plot is drawen between C,/m and C, according 
to the following Langmuir equation: 

where K = kl / k2, kl , and k2 are the rate constants 
for the adsorption and desorption; K ;  = a constant; 
C, = equilibrium concentration of the EA solution; 
and m = amount of EA adsorbed in rng g-’. Such a 
plot in the present investigation is shown in Figure 
2 and the numerical value of the adsorption coeffi- 
cient was found to be 8.45 X dm3 mol-’. 

Surface Coverage ( 6 )  

The surface coverage ( 0 )  not only reflects the frac- 
tion of the available sites occupied by the adsorbate 
but also provides a parameter to show the progress 
of the adsorption process. To calculate 6 values a t  
different time intervals, eq. (4 )  of Ref. 8 was used, 
according to which 
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Figure 2 
centration C, to evaluate K. 

Plot between C , / m / x  and equilibrium con- 

C + K’ $ = I - - - -  
Co + K’ 

where K’ = 1 / K ,  Co = initial concentration of the 
EA solution, and C = concentration of the EA so- 
lution at time t .  

The results obtained are shown in Figure 3, which 
clearly indicate that as the adsorption process pro- 
ceeds the EA molecules continue occupying the ac- 
tive sites on the silica surface. In our previous studies 
also, we obtained a similar type of results. 

T i m e  (minl 

Figure 3 Variation of surface coverage (e) with time at 
fixed [EA] = 6.15 X 10 mol dm-3; silica = 0.1 g; pH 11.6; 
temperature = 25 f 02°C. 
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Kinetics of Adsorption 

Rafe of Adsorption 

It is well confirmed by experiments that the rate of 
adsorption of large molecular weight substances de- 
pends on ( 1) the transport or diffusion of mass to- 
ward the interface from the bulk, (2)  the attachment 
of adsorbate molecules to the surface, and (3)  re- 
conformation of the adsorbing macromolecule. In 
the case of proteins, all the three steps are equally 
significant, as in a large number of protein adsorp- 
tion experiments, the adsorption has been found to 
be diffusion-controlled and reconformation of the 
adsorbed protein has also been reported. 

However, in the present studies, the reconfor- 
mation of the EA molecules a t  the interface was not 
considered to influence the kinetics of the adsorption 
process, as it has already been shown by the circular 
dichorism (CD) spectra studies'? of the adsorption 
of ovalbumin on ultrafine silica particles that there 
was hardly any change in the CD spectrum of the 
ovalbumin after adsorption. 

To verify if the adsorption process was diffusion- 
controlled in our case, we performed experiments a t  
varying speeds of shaking (but mild always) and 
observed that the adsorbed amount increased with 
the increasing shaking speed, as shown in Table I. 
This clearly indicates that the adsorption of EA is 
also diffusion-controlled. In Figure 4, the process of 
the adsorption process has been shown as a function 
of time. It is quite clear from Figure 4 that the rate 
of adsorption is almost constant by 80 min and, 
therefore, the kinetic scheme proposed elsewhere' 
may readily be applied. According to the proposed 
kinetic scheme, if the rate of adsorption remains 
constant for an appreciable time period, then one 
can write 

0)  - kze = 0 ( 3 )  

From the above eq. ( 3 ) ,  expressions for the surface 
coverage (13) and the rate constant for the adsorption 

Table I 
Adsorption of EA 

Effect of Speed of Shaking on the 

Adsorbed Amount of 
EA (mg g-') X lo3 Speed of Shaking (rpm) 

300 
500 
800 

1000 

14.2 
16.8 
20.0 
22.2 

V -- 
20 40  60 80 100 120 

Time ( m i n )  

Figure 4 Plot of the amount of EA adsorbed (mg g-') 
vs. time at  fixed [EA] 6.15 X lo-' mol dmP3; silica = 0.1 
g; pH 11.6; temperature = 25 k 02°C. 

( k , )  may further be derived as described elsewhere' 
in detail. 

Evaluation of Rate Constants 

Since the adsorption isotherm is of the Langmuir 
type, obviously, the process of adsorption may be 
considered as reversible and the rate constants for 
both the adsorption ( k , )  and desorption ( k 2 )  may 
be calculated. For this purpose, a graph is drawn 
between 1 / c  and t in accordance with the following 
equation ' : 

1 k1 1 
c co co 
--- - t + -  ( 4 )  

which yields a straight line (Fig. 5) from which the 
values of the rate constants for the adsorption ( k , )  
and desorption ( k , )  were calculated to be 1.01 X 

mol dm-3 s-', respectively. 
The superiority of this method for evaluating the 
rate constants lies in the fact that no complicated 
mathematical computations (such as in the Runge- 
Kutta method or Marquardt's optimization rou- 
tine'') are required and only a simple linear plot 
will serve the purpose well. 

However, we also used the Lagergreen equation" 
for the calculation of kl according to which 

s-' and 0.012 X 

A t  ( 5 )  2.303 
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Figure 5 Plot of l/c vs. time for the evaluation of kl .  

where qe = amount of EA adsorbed at saturation 
(equilibrium), and q = amount of EA adsorbed at  
any time t. The plot is shown in Figure 6 and the 
value of kl as calculated from the above equation 
was found to be 1.41 X s-'. It can clearly be 
seen that the numerical values of the rate constant 
for the adsorption ( kl) calculated from both methods 
are almost identical. 

Factors Affecting Adsorption 

Macromolecular Dimension Effect 

A solution of EA was prepared in 0.1N NaOH which 
resulted in a solution of pH 11.6. When H+ ions 
were added to this protein solution, almost no change 
in the pH was noticed, which clearly indicates that 
the solution was functioning as a true buffer.20 Due 
to this reason, we could not study the effect of pH 
on the adsorption kinetics of EA. It can be seen that 
by addition of Hi ions to the protein solution the 
following equilibrium exists: 

i 

NHzCHROO- + H+ -+ NH,CHRCOO- ( 6 )  

which clearly explains the buffer action of the pro- 
tein solution. But a t  the same time due to the for- 
mation of dipolar species of the amino acids in the 
EA solution, a contraction in the dimension of the 
EA molecules will be produced which should result 
in a fall in the viscosity of the protein solution. It 
is very clear from Table I1 that the reduced viscosity 
of the protein solution decreases with increasing H +  
ion addition which supports the idea of contraction 
of the protein molecular dimension. As the dimen- 
sion of the EA molecule decreases, the adsorption 
of EA increases, as shown in Table 11. 

The increase in the adsorption of EA may also 
be explained in terms of the favorable electrostatic 
attraction resulting from the added H+ ions. Since 
at the experimental pH (11.6) both the EA molecules 
and the silica surface are negatively charged, the 
a$dition of Hi ions generates dipolar species 
(NH,CHCOO-), which with their positive ends be- 
come attached to the negatively charged silica sur- 
face. It is worth mentioning here that in absence of 
H+ ions both the EA molecule and silica surface will 
be negatively charged and then it will be the H- 
bonding forces operating between the EA molecules 
and the -SiO- groups of the silica surface that 
causes the adsorption of EA molecules. 

We also studied the effect of the molecular di- 
mension on the rate of adsorption of EA by moni- 
toring the progress of the adsorption process with 
respect to time. It was found (figure not shown) that 
with the decreased viscosity of the EA solution the 
rate of adsorption also increases. The increase ob- 
served may be attributed to the fact that in the me- 
dium of lower viscosity the EA molecules will diffuse 
relatively faster toward the interface and therefore 
the rate of adsorption increases The rate constants 
for the adsorption (kl) at varying reduced viscosity 
of the medium were calculated and are summarized 
in Table 11. 

Salt Effect 

The role of ions in affecting adsorption behavior is 
of great significance as the presence of low molecular 
weight salts influences the process of adsorption in 
many ways. For instance, in a polyelectrolyte solu- 
tion, the quality of solvent decreases in the presence 
of salts and, consequently, the adsorption in- 
creases.21 Also, in many cases:' the small ions screen 
the electrostatic interactions taking place between 
the molecules of the adsorbate itself or that between 

Time  I rn in )  

Figure 6 
of k,  according to the Lagergreen equation. 

Plot of log (qe - q )  vs. time for the evaluation 
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an adsorbate and adsorbent molecule and thus affect 
the adsorbed amount. 

In the present study, the effect of the addition of 
salts on the amount and rate of the adsorption was 
studied by adding different salts of the K+ ion in the 
concentration range 0.02-0.1OM. The results are 
shown in Figure 7, which clearly indicate that the 
amount of adsorbed EA increases with increasing 
salt concentration and obeys the following order: 

ci-  <  SO;^ < ~ 0 4 3  

The observed increase seems surprising as at the 
experimental pH both the EA and silica surface are 
negatively charged and one has to rule out the pos- 
sibility of any type of shielding by the added anions. 
However, the results can be explained as below: 

It has been well recognized that several kinds of 
proteins interact with small molecules and by far 
the most important contribution to binding is made 
by  albumin^.'^ In the present case, a t  experimental 
pH 11.6, the protein molecule has a net negative 
charge, but, nevertheless, it can interact with anions 
as well as with cations. Every positively or negatively 
charged group could be considered as a binding site 
for the small ionsz4; thus, K+ interacts at the anionic 
groups (such as -COO-, -0-, and -S-), and 
anions, at the cationic groups (such as -NH+-, 
- NH;, and = NH,). After binding of the added 
ions to various active sites on the EA molecule, elec- 
trostatic repulsions between the EA molecule and 
the silica surface will be screened, which obviously 
results in a favorable contact between the E A  and 
the silica surface. Thus, the amount of the adsorbed 
EA will increase. 

It was also observed that the rate of adsorption 
also increases with the added anions in the same 
order of effectiveness. The reason for the increased 
rate is quite clear: Due to a decrease in the electro- 
static repulsion between various species in the pro- 
tein solution, the diffusion of EA molecules will be- 
come relatively faster and their attachment to the 

i 
0.06 0 .08  0.10 

I 
0 . 0 3  

Salt Concentration (M) 

Figure 7 
sorption of EA at fixed [EA] = 6.15 X 
= 0.1 g; pH 10.6; temperature = 25 f 0.2"C. 

Effect of addition of salts on the plateau ad- 
mol dm-3; silica 

surface also becomes easier. In this way, the rate of 
adsorption also increases. The rate constants for 
adsorption (k , )  have also been calculated and are 
summarized in Table 111. 

In an attempt to study the effect of cations on 
the adsorption, we added Ba2+ ions to the solution 
in the concentration range (0.010-0.020 m) and 
found that the adsorption decreases with increasing 
Baz+ concentration. This is due to the preferential 
adsorption of Bazt ions on the negative-charged 
surface. 

Effect of Additives 

The influence of the presence of foreign species in 
the protein solution on the adsorption behavior of 
the EA has been investigated by carrying out ad- 
sorption experiments in the presence of the cationic 
and anionic surfactants. 

Surfactant Effect 

The effect of the cationic surfactant on the adsorp- 
tion of the EA was studied by adding cetyl trimeth- 
ylammonium bromide (CTAB) in the concentration 

Table I1 Effect of Viscosity of the EA Solution on Its Adsorption 

Volume of Concn HC1 Added 
(in mL) to 20 mL EA Solution Reduced Viscosity t),d Adsorbed Amount of EA Rate Constant of Adsorption 

(mL) (dm g-7 (mg g-l) (k,) x 104 S-l 

0.0 1.07 0.02 1.01 
0.2 0.83 0.05 2.18 
0.4 0.68 0.06 2.90 
0.6 0.41 0.07 3.30 
0.8 0.27 0.08 3.88 
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range 2.0-6.0 X lop4 mol dm-3. The results are shown 
in Figure 8, which imply that both the adsorbed 
amount and adsorption rate increase with the in- 
creasing concentration of the surfactant. The reason 
for the observed increase is quite apparent as the 
added cationic surfactant may bind to the negatively 
charged sites on the EA molecule and thus reduce 
the electrostatic repulsion between the EA molecules 
and silica surface which finally increases the ad- 
sorbed mass. 

One more aspect of the detergent addition is that 
it may cause coagulation of the EA which as a con- 
sequence results in unfolding of the protein chains. 
Obviously, due to the unfolding of the EA molecules, 
a greater number of active sites will be exposed to 
the adsorbent surface and, therefore, the adsorbed 
mass will increase. 

For studying the effect of the anionic surfactant, 
sodium oleate was added in the concentration range 
of 2.0-6.0 X mol dm-3 and the results are shown 
in Figure 8. It is clear from Figure 8 that both the 
adsorbed mass and the adsorption rate decrease on 
increasing the concentration of sodium oleate in the 
studied range. The results may be attributed to the 
fact that the presence of anionic surfactant mole- 
cules in the protein solution cause the electrostatic 
repulsion to increase which results in a decreased 
adsorption. 

Temperature Effect 

The influence of temperature on the adsorption of 
EA was studied by carrying out adsorption experi- 
ments in the temperature range 5-45°C. Results are 
shown in Figure 9, which clearly indicate that the 
adsorbed amount decreases on increasing the tem- 
perature and, finally, it becomes zero at  45°C. The 

( 0 )  CTAB 

( 0 )  Sod. Oleate 
1" 
- 6  

' 4  

I Ls 

2 4 6 

Surfactant Concn X 10' (M) 

Figure 8 
adsorption of EA at fixed [EA] = 6.15 X 
silica = 0.1 g; pH 11.6; temperature = 25 * 0.2"C. 

Effect of addition of surfactants on the plateau 
mol dm-3; 

observed temperature dependence of adsorption is 
well expected also as at higher temperatures. Van 
der waals forces, which are solely responsible for the 
observed adsorption, decrease, and as a consequence, 
the adsorption decreases. Similar results have also 
been obtained e l ~ e w h e r e . ~ ~ . ~ ~  However, in several in- 
vest igat ion~,~~ an increase in temperature has re- 
sulted in a greater adsorption, which may be ex- 
plained by the fact that in several adsorbents the 
number of active sites increase with increasing tem- 
perature and, therefore, the adsorption increases. 

CONCLUSIONS 

The adsorption of egg albumin (EA) onto the silica 
surface follows the Langmuir adsorption isotherm 

Table 111 Effect of Addition of Salts on the Rate Constants of Adsorption (k,) 

Concentration Rate Constant Adsorption Rate 
Salt ( M )  (k,) x 104 s-l (mg g-' min-') X lo4 

KCI 0.02 
0.06 
0.10 

&SO4 0.02 
0.06 
0.10 

&PO4 0.02 
0.06 
0.10 

No salt - 

1.88 
3.12 
3.84 

3.20 
4.76 
4.92 

6.36 
8.82 
9.48 

1.01 

4.8 
7.0 
9.6 

7.2 
15.4 
15.4 

15.0 
10.8 
24.6 

2.5 
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0.11 tc 

Temperature ( O C )  

Figure 9 
sorption of EA a t  fixed [EA] = 6.15 X 
= 0.1 g; pH 11.6. 

Effect of temperature ("C) on the plateau ad- 
mol dm-3; silica 

equation and belongs to the L2 type of the adsorp- 
tion isotherm. The adsorption rate is found to re- 
main almost constant up to 80 min and then it levels 
off. Both the amount of adsorbed EA and the rate 
constant of adsorption increase with the decreasing 
reduced viscosity of the medium. In the same way, 
both the adsorption rate and rate constant of ad- 
sorption increase with the increasing concentration 
and the charge of the added anions. In the case of 
the addition of surfactant to the adsorption medium, 
it is found that both the adsorbed amount and the 
adsorption rate increase with the increasing cationic 
surfactant ( CTAB ) concentration. On the other 
hand, with the increasing anionic surfactant (so- 
dium oleate), the amount adsorbed and the adsorp- 
tion rate are found to decrease. The adsorption is 
quite sensitive to the temperature and decreases with 
increasing temperature. 
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